ABSTRACT A phasor measurement unit (PMU) is a device that can directly measure the phase angles of voltages and currents, with high accuracy, using accurate time signals. Hence, PMUs have originally been used to improve the accuracy of transmission system state estimation. The merit of PMUs, further, extends the scope of its application to distribution system state estimation (DSSE), which has recently been studied because of the growing needs for distribution system management due to high levels of distributed energy resources. More importantly, the scarcity of measuring sensors in distribution systems highlights the role of PMUs for the DSSE. However, the full deployment of PMUs in distribution systems is practically impossible because of the high installation costs and geographically large size of these systems. Therefore, this paper investigates the adequate and economic performance of PMUs to meet the DSSE requirement with respect to the estimation accuracy. The accuracy of different PMU performance classes and the accuracy of various measurement types are first defined. Different sets of measurements are then assigned to different meter locations in a testbed that is a three-phase unbalanced, asymmetric system. Various performance metrics for each case study are computed and compared from the numerical simulation results.
I. INTRODUCTION
In the electric power industry, the time synchronism of measurement data is one of the most critical requirements for wide area monitoring systems since it enables the determination of the phase angles of all buses. Traditionally, transmission system operators have utilized state estimation (SE) to compute these phase angles by collecting all measurements from supervisory control and data acquisition (SCADA) systems; however, the collection of a set of measurements for a specific time takes 2 s or longer, which leads to a low accuracy of the SE results.
In coping with this issue, phasor measurement units (PMUs) capable of directly and accurately measuring phasor angles based on the global positioning system (GPS) have been used to improve the SE performance in terms of the estimation accuracy and computational speed [1] , [2] . In addition to the improvement of the SE performance, the direct The associate editor coordinating the review of this manuscript and approving it for publication was Guido Carpinelli. measurement of phase angles enables fast phasor sampling (i.e., maximum of 120 samples per second), providing numerous benefits such as dynamic SE [3] , measurement-based operation [4] , and distributed SE [5] .
The importance of distribution system state estimation (DSSE) has recently grown because of the increasing penetration of distributed generations (DGs) and power-electronicsbased devices [6] - [10] , as well as because of the need for voltage regulations [11] , [12] . Additionally, [13] presented a multiarea state estimation approach to address numerous nodes and different voltage levels. The approach was based on two steps, with the first step being the use of local state estimators and the second step being the integration of measurement information from adjacent zones and performance of the linear state estimation. The DSSE can also be applied to AC-DC hybrid distribution systems using a three-stage distributed state estimation with the SCADA and PMU measurements [14] .
The PMU can play an essential role in the DSSE when considering the lack of sensors in distribution systems. The time synchronism and the high sampling rate enhance the DSSE performance in terms of the estimation accuracy and computation time [15] and further evolve the grid analytics by pairing with big data [16] . Meanwhile, [17] proposed a state estimation based on the ensemble Kalman filter to enhance the current estimation accuracy. The method utilized a pseudo-measurement based on historical data and the PMU measurement and detached the power flow equations from the estimator. In [18] , the authors analyzed factors for the accurate estimation of voltage profiles from the DSSE by mathematically showing how the estimation uncertainty depends on the PMU or hybrid measurement systems.
However, given full employment of PMUs, the major challenges that lie in the PMU applications for the DSSE include high installation costs caused by the size of the distributed networks. A robust method for the placement of PMUs and voltage magnitude meters based on the submodular saturation algorithm was presented to cope with the worst case of estimation at peak loads [19] . However, the method only considered a single accuracy for the PMU; hence, selecting an economic time-synchronism protocol and the corresponding PMUs that can provide adequate performance ensuring grid observability and obtaining sufficiently accurate, real-time network models is highly important. For this purpose, this study investigates the optimum level of accuracy of PMU measurements for the DSSE to be able to provide the realtime operating conditions of distribution systems with a high accuracy. This paper first defines the different levels of the PMU accuracy based on time synchronism and then formulates the measurement model for the DSSE based on the measurement type. The impact of the PMU accuracy on the DSSE performance is then evaluated by testing different measurement sets (including PMUs with different accuracies, SCADA measurements, and smart meters) at the various locations of the distribution system. The performance criteria are studied based on the experimental test results and compared with each other in terms of the accuracy and the robustness against realistic field conditions, which eventually enlarges a vision of how to select adequate PMU accuracy.
The remainder of this paper is structured as follows. Firstly, Section II investigates the requirements of the PMU accuracy for the DSSE, and then Section III explains the mathematical formulation of the DSSE. In Section IV, the test distribution systems for the numerical simulations are described, followed by observations on the case-study results. Finally, this paper is concluded in Section V.
II. PMU ACCURACY REQUIREMENTS FOR THE DSSE
Many factors affect the accuracy of PMU measurements, for example, installation of hardware equipment, distribution methods of time signals, time-synchronism protocols, phasor estimation algorithms, and filter designs. A dedicated GPS receiver can provide a PMU with highly precise time signals, but installing the GPS receiver for each individual PMU may be impossible because of high installation costs and spatial constraints. Therefore, time signals can be distributed to multiple PMUs through twisted pair wires or coaxial cables in accordance with the inter-range instrumentation group B time codes [20] . Alternatively, time information can also be transferred via computer networks according to the network time protocol [21] or the precision time protocol [22] , [23] . The time accuracy can be the order of microseconds or a few milliseconds depending on communication lines or time-synchronism protocols with different precisions and latencies. Even though a PMU acquires accurate time information, phasor estimation algorithms or pre-processing (or post-processing) filters definitely affect the accuracy of finally-estimated phasor values. Moreover, these algorithms or filters are quite vendor-specific.
Considering these various factors determining the PMU accuracy, defining the PMU requirements for the DSSE with the aforementioned factors is a time-consuming task; hence, the request for keeping phasor values extracted by a PMU within the required limits for the DSSE is more viable. As an example, [24] and [25] defined a metric called the total vector error (TVE) to test the PMU performance in various environments. The TVE can be calculated as follows:
where V measured is the phasor measured by a PMU, and V true is the true phasor. Notice that the TVE simultaneously reflects the magnitude errors and angle ones of phasors. As described in Fig. 1 , the TVE of a phasor is larger than the magnitude error of the phasor unless the phase error is zero. The TVE increases almost up to 1%, even with a magnitude error of 0.1%, when a phase angle is deviated from its true value by 0.5 • , indicating that the phase angle error has a considerable effect on the TVE in most cases. Hence, the TVE is a practical metric for the PMU performance.
This TVE metric was used to verify whether or not a proposed phasor estimation algorithm or filter [26] - [28] meets the desired level of the PMU performance compliant with [24] and [25] . Accordingly, [26] and [27] assured that the proposed filters improved the PMU performance to meet a basic requirement of the TVE (i.e., 1%), and [28] proposed an adaptive algorithm of phasor estimation based on a TaylorFourier transform, which extracted phasors within the TVE limits.
In an attempt to assess the DSSE performance, this paper utilizes the TVE metric in a way that investigates whether or not the TVEs of all the estimated voltage phasors are within the allowable range. In [24] , a TVE of 1% is defined as the allowed maximum steady-state error. Note that 1% TVE corresponds to a phase error of 0.01 radians (i.e., 0.57 • ) and a time error of ±26 µs for a 60Hz system. The requirement of the 1% TVE is a common standard at the transmission level, but this study proposes a methodology of finding the adequate accuracy of PMUs to meet the desired criterion in the distribution system; hence, one must note that the 1% TVE is not a strict criterion; rather, the criterion can be selected in accordance with an operational requirement or a DSSE application.
It is, however, necessary to point out that the TVE should be lower than 1% at the boundary between the distribution and transmission system because of the operational needs for coordination between them. For example, accurate phasor information can be used to reconnect an islanded microgrid and the transmission side, which requires the resynchronization [29] . In addition, the accurate estimation of the phase angles is of prime importance for the computation of the active power loss in distribution lines, real-time detection of the reverse power flow of DGs [29] , system reconfiguration [30] , and resynchronization and reconnection of the DG to the grid.
The ultimate objective of this paper is to find the timesynchronism accuracy of PMUs, which will be installed in distribution systems, such that the DSSE performance criterion is satisfied. As mentioned earlier, the performance of the PMUs considerably relies on various factors, including timesynchronism protocols and manufacturers; thus, referring to the PMU performance classes defined in [31] on the basis of the time-synchronism accuracy will be more practical than defining the requirements for each individual factor. Table 1 lists the PMU performance classes in [31] . Even though a PMU can provide the time measurement accuracy on the order of microseconds, the measurement errors are inevitably introduced from the instrumentation channel including instrument transformers (e.g., potential or current transformers), burden resistances, attenuators, and cables [32] . This error, which is a systematic bias, corresponds to a phase error of up to ±277.8 µs, that is, ±6 • in a 60 Hz system. Several efforts have been made to address the error [33] , [34] . Meliopoulos et al. proposed an empirical approach to correct the errors induced from the instrumentation channel by generating a single transfer function containing all models along the channel from the high voltage side to the measurement output [33] . A hybrid, distributed state estimation that utilizes measurements from both the SCADA system and the local PMU was presented in [34] . The method considered the phase error caused by an unknown delay and exchanged limited information between adjacent areas, thereby reducing the communication burdens.
Although any systematic and unknown errors such as the instrument channel error might be introduced to the PMU measurements, the error can be dealt with using many calibrating methods. Moreover, the investigation on the impact of the error on the PMU accuracy and, subsequently, the DSSE performance is out of the scope of this paper. We instead assume that the performance class in Table 1 refers to the accuracy of the output measurement with respect to the true value. That is to say, the accuracy reflects all the errors generated from the high-voltage side to the output.
The cable distance between a GPS receiver and a PMU is one of the significant sources of time signal errors because a long cable distance causes the latency of the GPS signal delivery. However, as in the case of the instrumentation channel error, the errors induced from the communication latency of the GPS signals are reflected in the performance class.
III. DSSE FORMULATION A. WLS STATE ESTIMATION
The SE algorithm used in this study is the well-known weighted least-squares (WLS) method, which is a suitable solver for the DSSE because the method has a consistent and good-quality performance when applied on distributed networks [35] . The measurement model can mathematically be defined as follows:
where z ∈ R m is the measurement vector; m is the number of measurements; x ∈ R n is the state vector; n is the number of states; h : R n → R m is the vector of functions relating states to measurements; η N (0, R) is the zeromean Gaussian noise vector with the error covariance matrix R(= diag σ 2 (z 1 ), σ 2 (z 2 ), . . . , σ 2 (z m ) ); and σ (z i ) is the standard deviation of the i-th measurement.
The WLS problem can be formulated to minimize the following objective function:
where W (= R −1 ) is the weight matrix. In the end, the states can be estimated as follows using the Newton-Raphson iterative method:
where i is the iteration index, and H is the Jacobian matrix of h(x).
B. DISTRIBUTION LINE MODEL
The major difference of the DSSE from the transmission system SE is that the distribution systems have asymmetric line structures and operate in unbalanced conditions. In this sense, the distribution lines must be modeled in three phases, considering mutual inductances and capacitances. Fig. 2 illustrates the three-phase π -model of the distribution lines connecting two adjacent buses, which is used to formulate the measurement models in the proposed approach. C. MEASUREMENT TYPE Table 2 shows the following three types of measurements considered for the DSSE: branch, injection, and virtual measurements. The tilde superscript notation represents the phasor value. First, the branch measurements are typically located in the distribution lines to monitor the voltage, current, and real/reactive power. SCADA systems have previously obtained the voltage magnitude (| V |) and the real/reactive power (P, Q). Now, PMUs, including transmission-level PMUs and µPMUs [4] , [16] , [29] , [36] , [37] , can replace the measurements by directly measuring voltage and current phasors ( V and I ). Smart meters or PMUs can be employed as the injection measurements. Smart meters measure the voltage magnitude and real/reactive power like SCADA systems, but its accuracy is generally lower than that in SCADA systems because the functional capabilities of smart meters may be limited when it comes to many radial (or meshed) distribution feeders and, as a result, the consideration of their economic installation costs. The loads and generators in the general SE are modeled as equivalent power injections with real/reactive power [38] ; therefore, the same rules apply on DGs and loads for the DSSE.
Lastly, virtual measurements are introduced based on physical laws such as Kirchhoff's current law (KCL). For example, a virtual measurement based on KCL is applicable to any buses without power injections.
D. MEASUREMENT MODEL FORMULATION
Given N b buses, n state variables corresponding to the voltage phasors (i.e., V 1 , V 2 , . . . , V N b ) are defined as x 1 , x 2 , . . . , x n , where n = 2N b . Note that a pair of state variables refers to the real and imaginary numbers of the corresponding voltage phasor.
Before formulating the measurement models, the equations of the branch current and real/reactive power must first be defined based on the distribution line model in Fig. 2 . When the device model of a distribution line j is expressed as follows:
where Y is the admittance matrix; I a , I b , I c , I A , I B , and I C are the current phasor at nodes a, b, c, A, B, and C, respectively; and V a , V b , V c , V A , V B , and V C are the voltage phasors at nodes a, b, c, A, B, and C, respectively. A current phasor at node k toward line j is denoted by I j (= I j,r + jI j,i ), which is expressed as (6) .
where y a and y b are the coefficients determined by (5) . Denoting a phasor voltage at node k by V k (= x r + jx i ), the real and reactive power at bus k toward line j (i.e., P j and Q j ) can be obtained by (7) and (8), respectively.
One can now formulate a measurement model for the DSSE according to its measurement type and quantity as described in the sub-sections that follow.
1) VOLTAGE MAGNITUDE SQUARED (BRANCH & INJECTION)
V k is expressed in Cartesian coordinates with x r and x i ; hence, | V k | 2 is used as a measurement such that the square root is not involved in its measurement model. The measurement model of | V k | 2 is expressed as follows:
where x r and x i are the states referring to the real and imaginary parts of V k , respectively. The standard deviation of z
can be computed as follows based on the classical uncertainty propagation theory [39] :
2) REAL/REACTIVE POWER (BRANCH)
The measurement models for P j and Q j are formulated as follows based on (7) and (8), respectively:
3) REAL/REACTIVE POWER (INJECTION)
Measurement models for real/reactive power injection measurements (i.e., z P inj and z Q inj ) obtained by smart meters can be created based on KCL, yielding the following equations:
where l is the number of adjacent lines at bus k. The direction of the injections is toward the injections themselves.
4) VOLTAGE PHASOR
A PMU is capable of directly measuring V k , formulating the following measurement models:
where V r and V i are the real and imaginary values of V k , respectively, and their measurements can be calculated by the voltage magnitude (| V k |) and the phase angle (θ V k ) that are normally provided by a PMU. In other words,
Hence, the standard deviation of z V r and z V i can be computed as follows:
5) CURRENT PHASOR (BRANCH)
The measurement models for I j are created as follows based on (6):
6) CURRENT PHASOR (INJECTION)
When a phasor of a current injection is denoted by I inj (= I inj,r +jI inj,i ), its measurement model can be formulated based on KCL as (17) , consisting of adjacent branch currents (i.e., I j ).
Notice that the direction of the current injections is toward the injections themselves. As is the case of the voltage phasor measurements, the current phasor measurements, including z I j,r , z I j,i , z I inj,r , and z I inj,i , are computed by the current magnitude and phase angle that the PMUs provide. Their standard deviations can be obtained based on the uncertainty propagation theory.
7) VIRTUAL MEASUREMENT (KCL)
The measurement models for the KCL virtual measurements are formulated as follows:
where z I KCL,r = 0 and z I KCL,i = 0 by the KCL definition. In general, the standard deviation of the virtual measurements are manually selected with high accuracy.
E. CONSIDERATION OF THE MODEL UNCERTAINTY
The system model accuracy is critical in the DSSE performance. This study depends on the assumption that the accurate system model (i.e., network impedances) is provided, and thus, the uncertainty in the model might significantly affect the accuracy of the DSSE results. In this sense, the network model integrity must be continuously checked along with the DSSE. The parameter estimation and the topology processor play an essential role in obtaining accurate information on the system model [6] . The network impedance is reflected in the computation of current and active/reactive power as expressed in (6) to (8) , which are used for the formulation of measurement models of real/reactive power branches/injections, current branches/injections, and virtual measurements. The study on the effect of uncertainty in the network model is out of the scope of this paper but left in further research.
IV. CASE STUDY
A 15-bus test system with three-phase asymmetric structures and unbalanced operations is used to investigate the effect of the PMU accuracy on the DSSE performance. This test system is similar to those tested in [15] and [40] . Fig. 3 depicts this test system, with the marking meter locations having red/blue and circles/stars/triangles/squares.
A. TEST CONDITIONS
The distribution line parameters per mile used in this study (Fig. 2) are nearly identical to those of configuration 300 in the IEEE 34 node test feeder [41] (Table 3 ). Table 4 also shows the line length of each section. Table 5 lists the power injection parameters, including the electric loads and the DGs. The positive direction of the real/reactive power is toward the corresponding injection unit. The nominal parameters of the test system are 24.9 kV, 400 kVA, and 60 Hz, which are applied on the branch measurements. The maximum three-phase rating of the power injections is approximately 108 kVA according to the given load and generation conditions in Table 5 ; therefore, a rating of 150 kVA is given to the injection measurements. Four meter locations are used (Fig. 3) , and test cases (Table 6) are designed in such a way that each location has a different type of a measuring unit (e.g., SCADA systems, smart meters, and PMUs) with different accuracies. Different performance classes defined in Table 1 are selected in the case of the PMUs. Note that the virtual measurements based on KCL are applied to buses 2, 8, 10, and 12 for all cases.
However, the branch measurements at the point of connection (POC) are highly crucial because at least a reference measurement is needed in order for the distribution management systems (DMSs) to autonomously operate the distributed networks and because the transmission system operators monitor voltages and currents at the point nearest to the transmission side. The re-synchronization of an islanded microgrid to the main grid, followed by the seamless reconnection between them, also highly relies on the accurate measurement of the phase angle at the POC. In this manner, a T5-class PMU is assumed to be always installed at the POC, providing highly accurate, time-synchronized branch measurements.
As specified in [25] , the desired accuracy of the voltage and the current magnitude measured by the PMU is 0.1%, which is, thus, given to the standard deviations of | V k |, | I j |, and | I inj |. Regarding the phase angle measurement that the PMU provides, its standard deviation can be obtained by dividing its maximum deviation (Table 1) by √ 3 [39] . The typical standard deviations for the SCADA measurements are given to the voltage magnitude and power flows of 1% and 2%, respectively [1] . The standard deviations for the remainder are 0.1% for the virtual measurements, 1% for the voltage magnitude from the smart meters, and 3% for the power injections from the smart meters. The SCADA measurement and the smart meter have a non-GPS time tagging, thereby introducing larger measurement errors than the PMU measurement. Hence, the standard deviations of the measurement errors of the SCADA and the smart meter reflect less accurate time synchronization. More specifically, the standard deviations of the SCADA measurement and the smart meter vary by practical conditions such as communication network latency, time-tagging protocols, and filters.
In reality, the zero-mean Gaussian noises are added to all the measurements with the corresponding standard deviations. Furthermore, 300 samples with different measurement noises are tested for each test case and evaluated based on the performance metrics. As long as the DSSE uses the SCADA and smart meters, the time interval of the state estimation is in the order of minutes.
B. PERFORMANCE METRICS
Several metrics are computed to evaluate the DSSE performance after estimating the present states using the DSSE.
1) CONFIDENCE LEVEL
The confidence level, which can be quantified by the wellknown chi-square test, indicates the probability of the goodness of fit of measurements to a system model (i.e., how well the measurements are consistent with the model). The confidence level is computed as follows with the degree of freedom, ν, and the chi-square critical value, ζ : (19) such that
where χ 2 denotes the chi-square random variables; Pr(ζ, ν) is the cumulative distribution function of χ 2 with ν; andx is the best estimate of the states. If the confidence level maintains at 100% during the operation, the real-time measurements are consistent with the system model, thereby indicating that no bad data exist as long as the model is accurate. On the other hand, the low confidence level implies the existence of any bad data, which must be followed by the bad data detection process.
2) TVE
Considering the necessary conditions of the PMUs (i.e., the TVE of the phasors measured by the PMUs should be within 1%) specified in [25] , applying a TVE requirement on the voltage phasors estimated by the DSSE could be a reasonable criterion of the DSSE performance evaluation.
3) ROOT MEAN SQUARE ERROR (RMSE)
The RMSE between the estimated states and their true values over all the samples indicates how close the estimation is to its true value. The RMSE of a specific state x is calculated as follows:
where N s is the total number of samples (i.e., 300).
4) ABSOLUTE ERROR OF THE TOTAL LINE-LOSS ESTIMATION (|E P loss |)
For an efficient operation of the distribution systems, the DMSs must keep monitoring the real power loss consumed by the distribution lines. In other words, the DMSs should accurately estimate the total real power loss (P loss ) unless all the branches are monitored by the measuring units. In this context, the absolute error of P loss can be a performance metric for the DSSE. Table 6 shows that Case 1, which is a base case, has no PMU, except for the branch measurements at the POC, while all measurements in Case 2 are obtained by the T5-class PMUs. Table 7 presents the test results of these two cases indicating that all the T5-class PMU measurements drastically reduce the DSSE errors, including the TVEs of the voltage phasors, RMSEs, and power loss estimation errors. Additionally, the confidence level of Case 2 is 99.86%, which is much higher than that of Case 1. Figs. 6 and 7 describe the absolute error of the P loss estimation at each branch for Cases 1 and 2, respectively, indicating that Case 2 yields a more accurate estimation of the P loss compared to Case 1. These figures illustrate that the absolute error of the P loss estimation at each branch depends on the meter accuracy near the branch. For example, in Case 1, the T5-class PMU at the POC considerably reduces the absolute error of the P loss estimation at bus 1-2 and 2-3 branches compared with the other branches.
C. BASE AND BEST CASES

D. CONFIDENCE LEVEL CRITERION
Among all the test cases, the best case (i.e., Case 2) with all the T5-class PMUs installed shows the highest confidence level of 99.86%. From this best case, the confidence level decreases to 98.12%, 47.82%, and 44.36% (refer to Table 7) when the T5-class PMUs are excluded and replaced by SCADA or smart meters at branches, load injections, and DG injections, respectively (i.e., Cases 3, 9, and 10, respectively). These results highlight that the T5-class PMUs must be installed at both the load and DG injections to obtain a confidence level of more than 95%, regardless of the type of branch measurements.
The results of Cases 4-8 show that the PMUs at the load and DG injections with an accuracy lower than that of the T5 class cannot improve the confidence level. In spite of the additional installation of the T5-class PMUs at the branches, it still needs to deploy the T5-class PMUs at both the load and DG injections to obtain high confidence levels (please refer to the results of Case 11 in Table 7 ).
The measurement redundancy in distribution systems is not enough to ensure high confidence levels [6] . Therefore, the accuracy of the PMUs is highly critical for obtaining estimation results with a high confidence level. The introduction of supplementary pseudo-measurements can improve the confidence level. Meanwhile, despite the low confidence levels, Cases 4 and 9-13 can still provide operating conditions with a relatively higher accuracy than the base case (i.e., Case 1), which can be observed from the TVEs, RMSEs, and |E P loss | metrics in Table 7 .
E. TVE CRITERION OF THE VOLTAGE PHASORS
When the PMUs are installed only at the load injections, the minimum class that can meet the TVE requirement of 1% VOLUME 7, 2019 as regards the voltage phasors is T2 according to the simulation results of Cases 12-15 in Table 7 . Fig. 8 shows the TVEs of the voltage phasors at all buses and phases for Case 15 with the T2-class PMUs, indicating that all of them are nearly 0.6%. However, at least a T4-class performance is required to obtain more accurate estimation results than the base case without the PMUs at the injections (refer to the results of Cases 2-4 and 9-13 in Table 7 ). Furthermore, a comparison of Cases 3-6 with Cases 12-15 depicts that the additional installation of the PMUs at the DG injections certainly reduces the TVE.
F. RMSE CRITERION
No specific requirement is provided for the RMSEs of the state variables, but one can observe a relative accuracy among various test cases using the RMSE metric. Table 7 presents the RMSE averaging in the states, noting that the RMSE considerably decreases with more PMUs installed or with the more accurate time-synchronization of the PMUs.
Similar to the TVE metrics, the test-cases with T4-or T5-class PMUs result in less RMSEs than the base case. The RMSE further significantly grows when the performance class of the PMUs becomes lower than T2 (i.e., T1 and T0). This trend is proven by the results of Cases 7, 8, 16 , and 17 presented in Table 7 .
G. CRITERION FOR |E P loss | Table 7 shows that the absolute error of the total line-loss estimation decreases when compared with the base case in most of the test cases, except for Cases 7, 8, 16 , and 17, whose PMU performance is T0 or T1. The installation of the PMUs at both load and DG injections (i.e., Cases 3-8) also substantially improve the line-loss estimation in comparison with the PMU installations at only the load injections (i.e., Cases 12-17).
H. OBSERVATION ON THE IMPACT OF NON-GAUSSIAN PMU ERRORS
Thousands of field data have demonstrated that the PMU measurement error followed a non-Gaussian distribution with thick and long tails, such as the Student's t-distribution and the logistic distribution [42] . In this sense, we re-evaluate all the test-cases, with the PMU measurements whose errors obey the logistic distribution. Table 8 displays the test results, indicating that the three metrics (i.e., TVE, RMSE and |E P loss |) are increased. These increases are natural because the PMU measurement errors follow the long-and thicktailed distribution. Nevertheless, the observations on the TVE, RMSE, and |E P loss | are the same as those explained in Sections IV-E, -F, and -G. In other words, at least T4-class PMU installations at the load injections improve the TVE and RMSE metrics compared with the base case. Moreover, the installations of at least the T2-class PMU at both the load and DG injections considerably reduce the line-loss estimation error. Meanwhile, the confidence level degrades with the measurement errors under the logistic distribution compared with the Gaussian error cases. As aforementioned, a sufficient number of pseudo-measurements are required to improve the confidence level. Tables 3 and 5 show that the testbed is a three-phase system with phase imbalance, which is characterized by an asymmetric distribution line and an unbalanced load configuration. Hence, the testbed can represent the general distribution systems. This imbalance is reflected in Fig. 9 , indicating that the RMSEs of the state variables certainly differ by buses and phases. 
I. OBSERVATION ON THE IMPACT OF PHASE IMBALANCE
J. OBSERVATION ON THE IMPACT OF MEASUREMENT LOSS
This section presents the results of the case studies on the missing measurement caused by communication delay or loss. The test cases are generated by subtracting from Case 2 the measurement at different locations: bus 9, bus 15, branch 5-to-6, and POC. Fig. 10 shows a comparison of Case 2 with the cases of the missing measurement in terms of the absolute error of the P loss estimation at each branch, pointing out that the missing measurement at a specific bus increases the error of the power flow through the bus and nearby buses (e.g., the measurement loss at the POC increases the absolute error of the P loss estimation at branches 1-to affected by the missing measurement. All in all, the measurement loss affects the accuracy of the P loss estimation near the missing location but only slightly influences the TVEs of the voltage phasors and the RMSEs of the state variables.
V. DISCUSSIONS AND CONCLUSION
The application of the PMUs at the distribution systems can bring tremendous benefits to distribution system management in a way that overcomes the scarcity of measurements and improves the DSSE performance. However, a main obstacle to be tackled is the PMUs being relatively more expensive than smart meters due to GPS antennas and time-signal distributions. In this regard, this paper investigates the adequate and economic performance class of PMUs that can meet the proper performance of the DSSE by means of numerical experiments with a 15-bus test distribution system characterized by an unbalanced operation and an asymmetric structure.
The well-known WLS method is used for the DSSE implementation with a three-phase distribution line model and various measurement types, including voltage magnitude squared, real/reactive power, voltage/current phasor, and virtual measurements. This paper also defines the standard deviations of the PMU measurements based on uncertainty propagation theory to convert polar coordinates to Cartesian coordinates. Four performance metrics are defined to evaluate the DSSE results with respect to accuracy: confidence level, TVE, RMSE, and absolute error of the total line-loss estimation.
Various test cases are set up according to the meter types (i.e., PMUs, SCADA systems, and smart meters) at the specific locations of the test systems, such as the POC, branches, and load/DG injections. The criteria for the PMU performance classes that can meet the proper DSSE performance are investigated after numerical simulations. Note that the observability of the test system is guaranteed in all the case studies because the system has a sufficient number of independent measurements, which is larger than the number of the state variables. First, the high confidence level can be achieved by deploying T5-class PMUs, which is the most accurate among all the classes, at both load and DG injections; otherwise, the confidence level significantly declines mainly because of the lack of redundancy in the measurements. However, if at least T4-class PMUs are installed at the load injections, the TVEs of the voltage phasors and the RMSEs reduce compared to those in the base case without PMUs at the injections. Finally, the absolute error of the total line-loss estimation can decrease with the PMU installation, of which the classes are above T1 at the load injections. The error can be further reduced by additional deployment at the DG injections. This paper further evaluates the criteria under realistic conditions such as cases with non-Gaussian PMU errors, phase imbalance, and measurement loss. The PMU measurements with the non-Gaussian errors that follow the long-and thicktailed distribution degrade the confidence level but have little influence on the other three metrics. The phase imbalance has a moderate impact on the RMSE of the states, and the measurement loss deteriorates the accuracy of the absolute errors of the line-loss estimation. Table 9 compares the performance metrics in various perspectives based on the test results. Among them, the TVE of the voltage phasor is the most reliable, despite the nonGaussian PMU errors, phase imbalance, and measurement loss. The confidence level is useful for obtaining the estimation results with a high accuracy because of its high sensitivity to the measurement errors. The RMSE and the absolute error of the line-loss estimation can also be phase imbalance indicators. Moreover, the absolute error of the total line-loss estimation requires the minimum accuracy of the T2-class to improve the performance from the base case, which has no PMU. In the end, the distribution system operator must select proper performance criteria in light of operational applications that use the DSSE results.
Note that the PMU performance criteria might vary in the structure and parameters of distribution systems. The key contribution of this paper is the methodology used to find the adequate PMU accuracy and their installation sites that can improve the DSSE performance and overall accuracy. In the end, the PMU accuracy at specific sites can be selected in accordance with the present PMU standards.
